Two classes of early genes in Dictyostelium are differentially regulated by extracellular pulses of cAMP interacting with its cell-surface receptor; conditions that also regulate chemotaxis and aggregation. The pulse-repressed genes, such as KS, are induced shortly after the onset of starvation and are repressed a few hr later during aggregation by cAMP pulses. The pulse-induced genes (including D2, M3, and those encoding contact sites A, the G. protein subunit G.2, and the cell-surface cAMP receptor) are maximally inducedjust prior to aggregation by pulses of cAMP and are subsequently repressed by sustained moderate levels of cAMP-conditions that exist sequentially in development. In this manuscript, we further analyze the requirement for cAMP pulses and characterize a requirement for protein synthesis for the expression of these two classes of genes. Our results indicate that the control of expression of both the pulse-induced and pulse-repressed genes requires other developmentally regulated factors in addition to starvation and cAMP pulses. We also identified another early gene, F9, whose expression is stimulated upon starvation, is not responsive to cAMP, and is hyperstimulated by cycloheximide, in a manner similar to the cycloheximide stimulation of c-fos and other serum-induced genes in mammalian cells. Examination of the kinetics of expression of the pulse-induced genes in a mutant blocked in the cAMP relay pathway indicates that their expression is controlled by a two-phase process. The first phase requires starvation and CMF, an extracellular conditioned medium factor, and results in a low level of expression. The second phase requires establishment of the cAMP signal-relay system and induces the genes to a high level. Both phases require prior and concomitant protein synthesis. Some of the members of the pulse-induced class encode elements of the cAMP signal-relay system that controls aggregation, indicating a feedback autoregulation. The two-phase process might allow the "irmetuning" of the level of expression of genes involved in aggregation.
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The cellular slime mold Dictyostelium discoideum grows vegetatively as individual amoebae. When food is depleted, a multicellular developmental program is initiated. Approximately 105 cells stream together to form a tight aggregate that proceeds through a series of morphogenetic changes, culminating in a fruiting body comprised of a stalk bearing a sorocarp (ball) of spores. The 10-hr aggregation process is initiated when a cell functioning as an "aggregation center" begins to emit pulses of cAMP at 6-to 9-min intervals. The cAMP binds to cell-surface cAMP receptors on neighboring cells and transiently activates two intracellular signal transduction pathways. One pathway is believed to activate phospholipase C, resulting in the release of intracellular Ca2l (1) . This leads to the activation of guanylate cyclase and chemotaxis, activation of pulse-induced genes, and repression of one set of pulse-repressed genes (1) (2) (3) . The second pathway activates adenylate cyclase, which results in the synthesis and release/secretion of cAMP as a "pulse" into the extracellular environment, thus relaying the cAMP signal. Once the cell-surface receptors bind cAMP, they rapidly change to an inactive state, and the intracellular biochemical pathways adapt (1, 4) . As the extracellular environment is cleared of cAMP by extracellular cAMP phosphodiesterase (5, 6), the receptors return to an active state, readying the cell to respond to the next signal. Thus, the original pulse of cAMP is amplified and propagated outward from the aggregation center in waves. This signal relay system serves to establish a gradient of cAMP, which functions as the chemoattractant during aggregation. Cells move up the cAMP gradient toward the aggregation center, forming "streams" as they establish cell-cell contacts and move together (for a review, see ref. 4) .
A number of classes of developmentally regulated genes in Dictyostelium whose expression is regulated by cAMPactivated signal transduction processes have been identified (2, 7) . (i) K5 (a pulse-repressed gene) is induced shortly after the initiation of starvation and is repressed during aggregation of pulses of cAMP. (ii) D2 and M3 (pulse-induced genes) are early genes whose expression is stimulated by nanomolarlevel pulses of cAMP and repressed by moderate continuous cAMP levels. A number of other genes important for cAMP signal relay and aggregation are similarly regulated. (iii) Prestalk-and prespore-specific late genes are induced by 10 and 15 hr into development, respectively, and require moderate levels of cAMP for their expression (7) (8) (9) (10) . Changing levels of cAMP within the population of cells is used to regulate gene expression throughout Dictyostelium development.
In this manuscript, we further examine the requirements for expression of the pulse-repressed and pulse-induced genes, and we identify a gene induced immediately upon starvation whose expression is stimulated by cycloheximide. Our results support the hypothesis that the pulse-induced genes are controlled by a two-phase induction process. The first phase is initiated by starvation and the second is activated by cAMP pulses. Our results point to a general regulatory program required for the expression of early genes during Dictyostelium development.
MATERIALS AND METHODS
Strains NC-4, KAx-3, and Synag7 (clone PND7.2.2) were grown and developed as described (2, 3) . Cells pulsed with cAMP received pulses at 6-min intervals to a final concentration of 25 nM. Cells developed in the presence of continuous cAMP were shaken in 500 AM cAMP initially, and additional cAMP was added every hour to 100 AM (see ref.
2 for details). In the designated experiments, cycloheximide was used at a 500 ,ug/ml level.
Cell samples were harvested at appropriate time points by centrifugation and RNA was purified, size-fractionated, blotAbbreviations: CsA, contact sites A; CMF, conditioned medium factor. *To whom reprint requests should be addressed.
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ted, and probed as described (2) . Nuclear run-on experiments were performed as described by Nellen et al (11) . Identical aliquots of RNA samples were loaded in experiments shown in Figs. 2 and 4. All RNA samples were examined by gel electrophoresis for equal levels of 17S and 26S rRNAs.
RESULTS
Requirement for Developmentally Regulated Protein Synthesis. Our description of the expression of the early genes K5, D2, and M3 under a variety of conditions has been presented (2) and is summarized along with that of gene F9 (see below) and prestalk and prespore genes in Fig. 1 . K5 is induced upon starvation and is maximally expressed by 2.5-4 hr in the wild-type strain NC-4 (2, 3). To examine the kinetics of K5 induction and requirements for prior protein synthesis, we developed cells in shaking culture with and without cycloheximide. Fig. 2 shows the developmental kinetics of K5 with cycloheximide added at 30, 60, and 90 min. At the 30-, 60-, and 90-min time points before the addition of cycloheximide, there was no K5 mRNA at 30 min, a very low level at 60 min, and a moderate level at 90 min. Cycloheximide given before 60 min blocked K5 expression. When it was given at 90 min or later, further K5 mRNA accumulation was blocked, and K5 RNA that had accumulated was rapidly lost, suggesting that prior and concomitant protein synthesis is required for K5 mRNA expression and possibly stability. When cells shaken with cycloheximide for 4 hr were washed and plated on filters, K5 RNA accumulation was rapidly induced and reached maximal levels within 1 hr; thereafter RNA levels declined rapidly (data not shown).
Loose Tight Summary of early cAMP-regulated gene expression. This figure shows a summary of the developmental kinetics of F9, the pulse-repressed gene KS, pulse-induced genes, the early class of prestalk genes, and the major class of prespore genes in the wild-type strain NC-4 and the axenic strain KAx-3. Data are from this manuscript (for F9), from references (2, 12, 14) , and from unpublished data. The thickness of the bar indicates the relative level of mRNA for each class. The dashed line for K5 in vegetative growth indicates a low but detectable expression of K5 mRNA in vegetative cells in strain KAx-3 and in some experiments with strain NC-4. The figure also presents the effects of cAMP levels and cycloheximide as well as the signal-transduction pathway involved in their regulation. Pathway A activates adenylate cyclase to establish the cAMP relay system. Pathway B is that involving activation of phospholipase C and inositol phospholipid turnover. (Fig. 4) . No signal transduction system, is synthesized. We have examined in this report some of the control mechanisms regulating several classes of genes, including many that encode elements of this machinery. We have examined the kinetics and requirements for expression of F9, the pulse-repressed gene KS, and five pulse-induced genes. A summary of our understanding of the temporal kinetics and signals regulating these genes is given in Fig. 5 .
In addition to starvation, protein synthesis during at least the first 60-90 min after the onset of starvation is required for accumulation and maintenance of KS RNA. When protein synthesis is inhibited for 4 hr and then allowed to proceed, KS RNA accumulates much more rapidly than during normal development. These data suggest that synthesis of a protein factor is required, and the gene encoding it is induced by starvation. It is possible that in the presence of cycloheximide, a developmentally induced RNA is accumulated that is translated after release from cycloheximide. We note that F9 is expressed at a low level during growth and induced in the first hour of development. F9 RNA accumulates to very high levels in the presence of cycloheximide in starved cells, reminiscent of the induction of c-fos in response to growth factors (22) . Moreover, like c-fos and other serum-induced genes, the ability of cycloheximide to stimulate high levels of F9 RNA accumulation is restricted to that time immediately after the stimulus, which is starvation in Dictyostelium. A gene with a developmental pattern similar to that of F9 may be involved in KS and/or subsequent gene induction.
An important observation from the experiments using Synag7 is that induction ofthe pulse-induced genes occurs by a two-phase process. The first phase is initiated upon starvation or, perhaps in some cases, in late logarithmic-phase cells. The second phase requires pulsatile binding of cAMP to the cell-surface receptor and results in a high level of expression. We expect that the initial phase requires the synthesis of both trans-acting DNA binding proteins and a secreted soluble protein factor, CMF (9) (Fig. 5) . We have shown previously that this factor is required for the expression of D2 and M3 and the discoidin I gene family [which is not induced by cAMP (23) ], and its action is required for the cAMP induction of prestalk and prespore cells (9, 21) . CMF may be identical to a factor identified in growing suspensions of NC4 that can also induce discoidin I expression (24 The second phase of induction involves pulsatile binding of cAMP to the cell-surface receptor (see Fig. 5 ). A prerequisite for this is the establishment of the cAMP signal-relay system. Many of the genes apparently regulated by this two-phase process are involved in aggregation, including the genes for the receptor and Ga2, essential elements of the signal-relay system. Therefore, it is logical that the initial induction occurs by a "pulse-independent" mechanism, "priming" the cells so they can initiate and respond to a cAMP signal. After establishment of the rudiments of the relay system, rapid and complete induction of this class of genes can occur, the signal-relay system can be maximally activated, and aggregation can proceed optimally. Thus, genes such as those encoding Ga2 and the receptor show autoregulation in that the gene products are required for the cAMP induction of their own synthesis. This two-phase induction system allows autoregulation to "fine-tune" the expression of many genes involved in aggregation.
Prior protein synthesis is also required for both inductive phases ofthe pulse-induced genes , and cAMP pulses on the expression of F9, pulse-repressed genes (PR), and pulse-induced genes (PI). For the relative quantitation of the pulse-induced genes, gene D2 is used. (Lower) Temporal order of the events and our present understanding of the physiological signals controlling these events. Starvation in the presence of CMF (with or without cycloheximide) causes a rapid rise in F9 mRNA levels. We have not quantitated the effect of CMF on F9 or the pulse-repressed genes. However, from our results with cycloheximide, we believe the increase in F9 expression does not depend on CMF, a protein which must be synthesized after the cells are washed. We believe that CMF and other protein factors may be required for pulse-repressed gene expression. We have shown that CMF is required for pulse-induced gene expression (9) . Repression of F9 expression is cAMP pulse-independent and may be repressed by a feedback mechanism similar to that for c-fos (22) . By the time cAMP pulses are initiated (3-4 hr of development), F9 expression has turned off. See the text for the effect of CMF and cAMP pulses on the pulse-repressed and pulse-induced genes. maximal induction of prestalk genes, the next known class of cAMP-induced genes expressed during development (9, 25) .
We also notice that the relative levels of maximal expression induced by the two phases are different for each gene and may correlate with the function of the gene product. Ga2, the receptor, and D2 are required for aggregation, and the initial phase is higher than that for CsA, which is involved in cellcell adhesion and not essential for aggregation. This twophase process allows development in Dictyostelium to be responsive to a large number of environmental and physiological conditions, permitting flexibility while still maintaining a program composed ofdependent pathways. In contrast, in many metazoans, the timing of the developmental program is very rigid because different parts of the complex organism must differentiate at the same rate. Dictyostelium has regulatory pathways controlled by extracellular factors similar to complex multicellular organisms, but its relative simplicity and varying environmental factors both permit and require substantial flexibility in the timing of various parts of the developmental program. We expect that further molecular characterization of the regulation of these genes will provide greater insight into the control mechanisms and the biological significance of these processes.
